The objective of this study was to determine the bactericidal effect of silver nanoparticles as a final irrigation agent in endodontics. This study included 120 uniradicular extracted dental organs inoculated with Enterococcus faecalis (E. faecalis) and organized into 4 groups: (A) 30 teeth irrigated with a dispersion of silver nanoparticles (537 g/mL); (B) 30 teeth irrigated with a sodium hypochlorite solution (2.25%); (C) 30 teeth irrigated with a dispersion of silver nanoparticles (537 g/mL) + EDTA (17%); and (D) 30 teeth with a saline solution. After the irrigation protocol, the samples were analyzed through a spectrophotometer to measure the bactericidal effect and scanning electron microscope and atomic force microscope in order to observe the presence of dental smear layer. The results showed that nanoparticles of 10 nm and the sodium hypochlorite at 2.25% were effective for eliminating E. faecalis, with no significant difference between them.
Introduction
Prior to learning any new endodontic technique, precise knowledge of the morphology of the pulp cavity and of the root canals is fundamental; for this reason the professional should have a wide knowledge of the pulp cavity's normal aspect and also of the possible variations, due to age, caries, abrasions, erosions, and periodontal illnesses. The unfamiliarity of this anatomy and the alterations of the original morphology could raise the percentages of failure in the canal therapies [1] . Cleaning the root canal using instrumentation or irrigation is considered one of the most important factors in the prevention and treatment of endodontic infections [2, 3] . Good instrumentation and irrigation combined with a good crowning reconstruction are considered essential in order to have a good long-term forecast [4] . The endodontic irrigation is defined as the insertion of one or more chemicals into the pulp cavity and into the root canal; irrigation is a fundamental addition to the instrumentation necessary to eliminate the residual pulp tissue, bacteria, and dental debris that may still be present in the canal even after a meticulous biomechanical preparation.
Enterococcus faecalis is a Gram-positive facultative anaerobic microorganism; this microorganism is a normal inhabitant of the oral flora, which is associated with the failure in the endodontic treatment as well as in different forms of periradicular lesions including primary and secondary endodontic infections. In the case of primary endodontic infections, E. faecalis is associated with periradicular chronic symptomatic abrasions and is found in 40% of these cases, while the secondary periradicular infection is found in higher percentages of 67-77% [5, 6] .
The most important material used as an irrigant in root canal treatment is sodium hypochlorite [7] . Although it has several advantages such as its broad bactericide spectrum and its capacity to remove organic debris, its antibacterial activity could be inactivated by dentin and the biomass in the root canal; also, irrigation with sodium hypochlorite leads to decreased bond strength between dentin and resin [8] . Due to this, researchers in the endodontic field have focused their efforts in developing a new nanomaterial-based irrigant. Monzavi et al. used nano-MgO to treat endodontic pathogens and found that nano-MgO aqueous solutions represent a promising antimicrobial activity [9] . Javidi et al. evaluated the bactericide effect of Ca(OH) 2 with and without silver nanoparticles on E. faecalis from root canals. They found that the number of CFUs observed after the use of Ca(OH) 2 plus silver nanoparticles suspension was significantly less than the number observed with Ca(OH) 2 alone [10] .
On the other hand, silver has been used in various forms, metallic silver, silver nitrate, and silver sulfadiazine, for treating burns and severe bacterial infected wounds and injuries, but, due to the discovery and increase of antibiotics, these silver compounds were no longer used. Silver in the form of nanoparticles has reappeared as a potential antimicrobial agent because of the greatly developed microbial resistance of a large variety of microorganisms. In this scenario the materials in nanoscale have reappeared as a new antimicroorganism agent due to their physical and chemical properties [11] .
The objective of this study was to determine, in an ex vivo study with instrumented root canals, the bactericidal effect of a dispersion of silver nanoparticles as a final irrigation agent in endodontics.
Materials and Methods

Synthesis and Characterization of Silver Nanoparticles.
Silver nanoparticles were synthesized as follows. 100 mL of a 0.01 M AgNO 3 solution was prepared and placed in a reaction vessel; after that and under magnetic stirring, a second solution made of 0.1 g of gallic acid and 10 mL of deionized water was added. The pH value of the reaction mixture was immediately adjusted to 11 using a 1.0 M NaOH solution. Once the pH was changed the solution remained under stirring for 20 more minutes.
Characterization of the Ag Nanoparticles.
The morphology of the synthesized silver nanoparticles was analyzed using a JEOL JEM-1230 TEM (Transmission Electron Microscope). The surface plasmon resonance was measured using a CHEMUSB4-VIS-NIR (Ocean Optics) spectrophotometer.
Both analyses were performed using the aqueous dispersion of the nanoparticles.
Preparation of the Teeth
. 120 uniradicular extracted teeth were obtained from the Surgery Clinic of the Faculty of Dentistry at the Autonomous University of San Luis Potosí and from the Surgery Clinic at the Autonomous University of Coahuila. The teeth were stored after extraction and divided into 4 study groups ( = 30 for each group). Thereafter they were stored in thymol at 0.1% for 24 h; after that time, the teeth were placed in sodium hypochlorite at 2.25% for another 24 h to eliminate soft tissue residue as well as bacteria. For their future use, the teeth were washed with running water and air-dried. Before being prepared, the clinical crowns were cut with a low speed handpiece with a diamond disk without irrigation; longitudinal furrows were made on the vestibular and lingual sides of the root without perforating it. The odontometry was determined 1 mm before the radiographic apex using a manual file 15 k; for the rotatory instrumentation a low speed motor was used until the file 40/04 k3; roots were irrigated with sodium hypochlorite at 1% after every instrumentation step and dried with paper points number 40.
Every tooth was placed in a microtube and all of them were sterilized in autoclave (SM32 Yamato, New Jersey, USA) for 20 min at 120 lb. and 120 ∘ C. In order to determine the efficiency of the sterilization treatment each tube received 1 mL of BHI (brain-heart infusion) and was incubated for 24 h at 37 ∘ C. Afterwards, the teeth were transferred to a laminar flow hood (LABCONCO Purifier Class II, Biosafety Cabinet, Ohio, USA) for its inoculation with 100 L of an E. faecalis dispersion at 10 8 UFC/mL. The teeth were incubated at 37 ∘ C for 3 days and were resupplied with fresh broth every 8 hours. The tubes in which they were stored were marked individually with a letter (A, B, C, and D). They were then placed in one collective recipient to permit unbiased irrigation at the time of assignment. Every tooth was assigned to each group at random and was irrigated with 5 mL during 5 min with one of the following solutions or dispersions: (A) 30 teeth were irrigated with silver nanoparticles (537 mg/mL); (B) 30 teeth were irrigated with sodium hypochlorite (2.25%); (C) 30 teeth were irrigated with silver nanoparticles (537 mg/mL) + EDTA (17%); and (D) 30 teeth were irrigated with a saline solution (control). All the teeth were handled with sterilized forceps and gloves to avoid contamination from other bacteria. Once irrigation was completed, the roots were dried and then split longitudinally with a previously sterilized manual clipper. One-half was selected at random and put into 1 mL of BHI and mixed for 15 s and then incubated for 18 h. To determine the bactericidal effect of the irrigant, 200 L of each solution was placed on a 96-well microplate and the absence or presence of turbidity was determined by using a microplate absorbance reader (iMark, Bio-Rad) at a wavelength of 585 nm which is specific for E. faecalis with no interference of the testing solution. samples after being irrigated with the testing solutions. For each group and after the tooth had been instrumented, irrigated, and divided with manual pliers, it was placed on a double-sided adhesive tape at the base of the AFM. For this we used a Nanosurf Easyscan 2 atomic force microscope with the following configuration: the tip was made of silicon nitride, 2 nm in thickness, 450 nm in length, and 50 nm in width, with resonant frequency of 13 kHz and a constant of 0.2 N/m, and operated by contact mode. After their observation in AFM, samples were fixed, dehydrated, and gold-sputtered in order to observe them in the scanning electron microscope (JEOL JSM-1650) at 10 or 5 kV.
Atomic Force Microscopy (AFM) and Scanning Electron
Statistical Analysis.
In order to evaluate difference between groups we used the one-way ANOVA test with an alpha of < 0.05. The analysis was made using the JMP V. 4.0 and Stat-View programs.
Results
Silver nanoparticles prepared in this work have spherical morphology and size around 10 nm with a narrow size distribution (Figure 1(a) ). The surface plasmon resonance is narrow and located at 420 nm (Figure 1(b) ). Figure 2 shows the bactericidal effect of the solutions measured by turbidity; the height of the bar is directly related to the quantity of bacteria in the roots after the irrigation process. All of the solutions were more effective than the physiological solution in the elimination of E. faecalis. The sodium hypochlorite solution proved to be the most effective bactericidal material followed by the silver nanoparticles and lastly the nanoparticle/EDTA mixture. The bactericidal effects of silver nanoparticles and the sodium hypochlorite at 2.25% had no significant difference between them (Table 1) . Figures 3 and 4 show the evaluation of the capacity for removal of the smear layer by the silver nanoparticles and EDTA under an atomic force microscope and scanning electron microscopy, respectively; EDTA solution, which is the best irrigator for this use, left the dentinal tubules completely open and dentin without debris (Figures 3(b) , 4(c), and 4(d)). Silver nanoparticles present a good effect in the removal of the smear layer leaving the dentinal tubules open without dentin erosion (Figures 3(a), 4(a), and 4(b) ). 
Discussion
The clinical isolates of E. faecalis recovered from infections of the root canal offer the opportunity to do studies in vitro in which the mechanics of virulence, genetic structure, and defense are not altered. This allows us to efficiently study the bactericidal effect of components that need to be evaluated [8] .
In this study, the bactericidal effect of various irrigators of the root canal on strains of E. faecalis was evaluated. E. faecalis has certain factors of virulence including enzymes, cytolysin, and lipoteichoic acid. It was selected for this study because it has proven to be resistant to numerous antimicrobial agents and has been associated with resistant apical periodontitis [12] . The study was performed on root canals, which permits an improved observational study of the behavior of the bacteria in clinical conditions very similar Journal of Nanomaterials to actual conditions. These clinical isolates allowed us to know the bactericidal activity of the endodontic irrigators used on the root canal. The irrigation protocol, that is, the protocol to evaluate the bactericide effectiveness of the silver nanoparticles, was made inside the root of the teeth; when teeth were immersed into the sodium hypochlorite solution (in order to eliminate soft tissue residue as well as bacteria) they were not instrumented yet; then, the root was not exposed to this solution and the cleaning procedure does not affect the bactericide results. This study demonstrates a positive bactericidal effect from the silver nanoparticles solution as an endodontic irrigator on E. faecalis; the same effect occurred with the sodium hypochlorite at 2.25%. Wu et al. obtained similar results when they evaluated the antibacterial efficacy of silver nanoparticles against E. faecalis [7] ; they prepared dentin cubes and then infected them with bacteria to perform the bactericide test; the main difference with our study is that we prepared and instrumented the entire teeth in a way which is very similar to that in clinical treatment. Estrela et al. studied the bactericidal effect of 2% chlorhexidine and 2% sodium hypochlorite on different strains of reference, E. faecalis among them, and their results showed a greater bactericidal effect of chlorhexidine in comparison to sodium hypochlorite [13] . The authors explained that maybe the hypochlorite solution does not penetrate into the smallest confines of the root canal and also its reaction with the organic components of the smear layer deactivates it, which reduces its bactericidal effect. Silver nanoparticles are capable of penetrating the dentinal tubules and they are not deactivated with organic tissues thus having several advantages over NaOCl [7] . We used sodium hypochlorite as control because as reported by Haapasalo et al., sodium hypochlorite is the most important irrigant in root canal treatment. This solution that can dissolve organic matter is of vital importance in removing necrotic tissue remnants as well as biofilm [14] .
In this study a diminished bactericidal effect was identified when the nanoparticles were mixed with EDTA; this could be because EDTA is a chelating agent. That is, it takes ions from other compounds; in this case it could interact with Ag + ions and, by this means, reduce their bactericidal capacity [15, 16] .
The capacities of NaOCl 1% and NaOCl 2.25% have been evaluated on removal of the smear layer, obtaining similar results without a statistical difference. It is believed that the sodium hypochlorite effect upon inorganic material is due to the formation of hypochloric acid that reacts to insoluble proteins forming soluble products that would allow the removal of the superficial smear layer [17] . The effect of the removal of the smear layer by EDTA 17% and CHX 2% was studied by Mohammadi and Shahriari and a significant difference was discovered between EDTA 17% and CHX 2%; the latter removed less smear layer [18] .
In our study the capacity of the silver nanoparticles and EDTA 17% to remove the smear layer was evaluated (generally EDTA at 17% is used to compare the capacities of different irrigators that eliminate smear layer); silver nanoparticles showed good smear layer removal and this property could 6 Journal of Nanomaterials be a result of a physical interaction between nanoparticles and the debris. Sodium hypochlorite is not an effective smear layer removal agent and this is an advantage of silver nanoparticles over sodium hypochlorite; they have the same bactericide effect but, in addition to that, silver nanoparticles present a smear layer removal capacity.
As for the cytotoxicity of different root canal irrigants, different authors studied the effects on fibroblasts; sodium hypochlorite 2.25%, citric acid 15%, and phosphoric acid 5% were used and, as a result, a greater cellular viability with sodium hypochlorite at 2.25% was obtained [19, 20] . The toxicity of the silver nanoparticles has been studied in vitro on different mammalian cells, including rat liver [21] , keratinocytes, and human fibroblasts [22] , and on stem cells and spermatogonia [23] . It has been discovered that high doses of silver nanoparticles can induce oxidative stress as a mechanism of cytotoxicity [9] . Nevertheless, in small doses and sizes of the particles at 10 nm, the silver nanoparticles appear to have anti-inflammatory characteristics and speed up the healing process of wounds, modulation of cytokines, and induction and production of peripheral blood cells [10] , inhibit dermatitis through contact, suppress the signs of TNFand IL-12, and also induce apoptosis in inflammatory cells. Also, Gomes-Filho et al. [24, 25] published results on the response of rat connective tissue to tubes filled with fibrin embedded in AgNPs dispersion in comparison to sodium hypochlorite 2.5%; they found that silver nanoparticles are biocompatible and could be used as an endodontic irrigant.
Conclusion
Our principal finding is that silver nanoparticles of 10 nm prepared using gallic acid as the reducing agent present a bactericide effect against E. faecalis in an ex vivo study and this effect is the same compared with sodium hypochlorite and, in addition to that, silver nanoparticles present a good smear layer removal capacity. This is why silver nanoparticles could represent a good option in the eradication of E. faecalis in root canals. Future studies are required to evaluate the nanoparticles against other endopathogenic microorganisms as well as their endotoxin effect, specially the bacterial LPS.
